Plasmodium falciparum, which causes malaria, extensively remodels its human host cells, particularly erythrocytes. Remodelling is essential for parasite survival by helping to avoid host immunity and assisting in the uptake of plasma nutrients to fuel rapid growth. Host cell renovation is carried out by hundreds of parasite effector proteins that are exported into the erythrocyte across an enveloping parasitophorous vacuole membrane (PVM). The Plasmodium translocon for exported (PTEX) proteins is thought to span the PVM and provide a channel that unfolds and extrudes proteins across the PVM into the erythrocyte. We show that exported reporter proteins containing mouse dihydrofolate reductase domains that inducibly resist unfolding become trapped at the parasite surface partly colocalizing with PTEX. When cargo is trapped, loop-like extensions appear at the PVM containing both trapped cargo and PTEX protein EXP2, but not additional components HSP101 and PTEX150. Following removal of the block-inducing compound, export of reporter proteins only partly recovers possibly because much of the trapped cargo is spatially segregated in the loop regions away from PTEX. This suggests that parasites have the means to isolate unfoldable cargo proteins from PTEX-containing export zones to avert disruption of protein export that would reduce parasite growth.
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| INTRODUCTION
Almost half the world's population is at risk of malaria, the disease caused by infection with Plasmodium spp. parasites. In 2015, there was an estimated 212 million cases reported, resulting in 429 000 deaths, mostly of children under 5.
1 Infection with Plasmodium falciparum causes the majority of this disease burden, and much of this parasite's pathogenicity can be attributed to its ability to extensively modify the human erythrocyte in which it resides. 2 These modifications are driven by a complement of proteins that are exported into the host cell compartment that performs many virulence-related functions including cytoadherence to the vascular endothelium, nutrient uptake and waste removal. [2] [3] [4] To gain access to the host erythrocyte cytoplasm, exported proteins must first be produced in the parasite, trafficked to the parasitophorous vacuole (PV) and then exported across the PV membrane (PVM) into the erythrocyte. A large proportion of the exported proteins identified to date contain a defined export motif termed the plasmodium export element (PEXEL) delineated by the sequence RxLxE/D/Q which is located near the N-terminus of the protein and is specifically cleaved in the endoplasmic reticulum (ER) by the aspartyl protease plasmepsin V. [5] [6] [7] [8] [9] By mechanisms not yet understood, plasmepsin V cleavage licences proteins for traffic to the PV 10 where they Sarah C. Charnaud, Thorey K. Jonsdottir and Paul R. Sanders contributed equally to this study.
are subsequently recognized and extruded across the PVM by the Plasmodium translocon for exported (PTEX) proteins. 2, 11, 12 The PTEX complex contains 5 core protein subunits HSP101, EXP2, PTEX150, TRX2 and PTEX88. 2 The heat-shock protein HSP101
likely contributes to the unfolding of cargo and supplies energy to the complex through its ATPase function. EXP2 forms oligomers and is associated with the PVM, and is presumed to form a protein translocating pore through the PVM. 13, 14 PTEX150 probably serves a structural role acting to link EXP2 and HSP101. All 3 of these proteins are essential for the survival of Plasmodium parasites. 2, [11] [12] [13] 15 TRX2 and PTEX88 are not essential for survival of the rodent malaria parasite
Plasmodium berghei, but are important for efficient protein export and potentially serve auxillary functions such as recognition of protein cargo subsets. 11, 16, 17 Additional PTEX associated proteins have recently been identified including Pf113, and the exported chaperone HSP70-x. 15 An additional export interacting complex (EPIC) containing PV proteins 1 and 2 (PV1 and PV2) is anchored to the PVM via exported protein 3 (EXP3). 18 These proteins do not represent core components of the PTEX complex and possibly play ancillary roles such as recognizing subsets of cargo proteins.
To probe the function of the PTEX complex, conditionally trappable exported cargo molecules have been expressed in parasites and the effects of conditionally trapping and releasing of the cargo has been assessed. 19 Immunoprecipitation (IP) assays revealed that the trapped cargo associates strongly with PTEX component, EXP2 but not HSP101. 19 Given that previous studies have shown exported cargo can be co-precipitated with each of the core PTEX components, 2,13 we decided to employ a different trappable cargo approach to glean further insights into the process of protein export at the PVM.
Here, we have utilized a trappable nanoluciferase (Nluc) reporter construct containing the murine dihydrofolate reductase (mDHFR) enzyme which is refractory to unfolding in the presence of WR99210
(WR) to further probe PTEX function. 20 Nluc reporter proteins are highly quantifiable and have been used previously to examine the export of PEXEL proteins, resistance to sorbitol lysis, merozoite egress and invasion and other aspects of the parasite's life cycle. [21] [22] [23] [24] [25] [26] Here, we generated multiple exported constructs containing both Nluc and mDHFR, but with different additional epitope and affinity tags and followed their fates. We show that different constructs do indeed behave differently upon trapping at the PVM with some constructs partially resuming export after WR removal, while others remain completely blocked. We also found that the trapped cargo clusters with PTEX at the parasite surface and co-precipitation indicates direct interaction. Interestingly, some trapped cargo also localizes to membranous loops extending from the PVM containing only EXP2 and not the other PTEX components.
2 | RESULTS 2.1 | Exported nanoluciferase-murine dihydrofolate reductase reporter proteins can be expressed in P. falciparum
To generate conditionally trappable reporter constructs, we utilized an exported Nluc construct containing the first 113 amino acids of the exported PEXEL protein Hyp1 (PF3D7_0113300) appended to the N-terminus of the Nluc sequence ( Figure 1A ). 21 Proteins containing mDHFR become highly resistant to cellular unfolding mechanisms when bound to the antifolate ligand WR99210 (WR), and their blockage at the PV/PVM has previously been demonstrated through the use of exported green fluorescent protein (GFP)-mDHFR reporter strains. 19, 20, 27, 28 At the C-terminus of this construct we inserted the sequence for mDHFR to produce the fusion construct Nluc-DH ( Figure 1A , top). is an engineered bacterial hydrolase that covalently attaches itself to a chloroalkane moiety 30 and can therefore be used for imaging and pulldown assays ( Figure 1A , bottom, Nluc-DH-Halo). We included both APEX and Halotag reporters in our analyses so that the location of trapped cargo could be imaged at high resolution by electron and super resolution microscopy, respectively. A TY1 epitope tag was also inserted near the C-terminus of Nluc-DH-APEX to facilitate the isolation of the reporter protein with a specific antibody ( Figure 1A ).
The Nluc-DH, Nluc-DH-APEX and Nluc-DH-Halo fusion sequences were inserted into the pEF plasmid under control of the P. berghei ef1α promoter that had its human DHFR gene replaced with blasticidin deaminase. 21 Reporter constructs were transfected into the P. falciparum CS2 strain previously transfected with a construct appending a haemagglutinin (HA)-epitope tag and a glmS ribozyme to the C-terminus of the endogenous ptex150 gene. 11 Because this parasite strain was resistant to WR treatment, the drug could be utilized to block export of our reporter proteins without having additional deleterious effects on the parasite.
To verify expression of these constructs western blots of the par- The western blot data confirmed that 14 to 18 hours treatment AE10 nM WR did not impact expression of the reporter constructs because the Nluc signal AEWR were similar. Furthermore, these data suggest that 14 to 18 hours treatment AEWR was not deleterious to the parasites as expression levels of endogenous EXP2 and PfHSP70-1 was the same ( Figure 1B) . Furthermore, levels of the latering expressed exported glycophorin binding protein 130 (GBP130)
were very similar in all lines indicating no WR-dependent delay in progression though the intraerythrocytic cell cycle ( Figure 1B) . In Nluc-DH-APEX the same~75 kDa band was also detected with a mouse anti-TY1 monoclonal antibody ( Figure S2 ).
|
The export of nanoluciferase-murine dihydrofolate reductase reporter proteins can be blocked in a WR-dependent manner
Next, we quantified the WR-induced trapping of mDHFR containing PEXEL fusion proteins across the whole parasite population. To do this we employed export assays used previously in which the parasites were differentially permeabilized to measure the contents of the erythrocyte (exported), the PV or the parasite compartment. 19, 20, 27, 28 Briefly, proteins exported into the erythrocyte compartment (RBC, red blood cell) of trophozoite stage Nluc-DH-Halo parasites were released with equinatoxin II (EQT) which permeabilized the erythrocyte membrane (Figure 2A,B) . 31 Proteins resident or trapped in the PV as well as the erythrocyte compartment were released by treatment with saponin and all cell compartments were permeabilized with Triton X-100 (Figure 2A,B) . To validate membrane permeabilization, the parasites were treated with AEproteinase K to degrade the exposed proteins no longer protected by membranes. After separating soluble and insoluble cellular components (pellet) the proteins were fractionated by SDS-PAGE and detected by western blot. The experiment indicated that the PEXEL protein, GBP130, was mostly exported as a soluble protein into the erythrocyte (RBC) compartment where it could be digested by proteinase K after EQT treatment (Figure 2A ).
EXP2 as expected was an insoluble PV protein susceptible to proteinase K digestion after saponin treatment. The Nluc-DH-Halo protein appeared to mostly segregate between the erythrocyte and PV compartments with lesser amounts within the parasite (Figure 2A ). Pretreatment with 10 nM WR for 16 hours did not appear to strongly alter the proportions of Nluc-DH-Halo exported into the erythrocyte vs trapped in the PV but we note that signal levels often varied greatly from lane to lane making it difficult to draw conclusions.
With the western blot approach not well-suited to quantify subtle changes in protein export efficiency we decided to exploit the bioluminescence properties of our reporter proteins ( Figure 2B ,C). Because bioluminescence is highly sensitive and quantitative the export assays were miniaturized into a microplate format enabling more WR concentrations to be evaluated. We used the differential permeabilization were not evaluated to determine if export blocking could be increased. Because 50% inhibition of export was sufficient for our work, 10 nM WR was used for all subsequent experiments. In the Nluc control parasites, the export of the reporter protein was not reduced by WR ( Figure 2C) . Surprisingly, all WR-trapped Nluc-DH fusion proteins appeared to accumulate in the parasite cytoplasm, as well as in the PV ( Figure 2C ). Figure 3D ). We note that similar Nluc localizations were also sometimes observed in untreated parasites albeit not as strongly labelled indicating that WR enhances trapping within the secretory system.
We also attempted transmission electron microscopy on diaminobenzidine-treated Nluc-DH-APEX parasites to visualize the APEX tag of the trapped cargo proteins at high resolution. Unfortunately, regions of high contrast corresponding to trapped APEX cargo were not clearly discernible at the parasite surface possibly because the expression of the fusion protein was too low ( Figure S3 ). Electron microscopy did, however, reveal in WR-treated cells various membranous structures extending from the parasite surface that could correspond to the loops observed by fluorescence microscopy ( Figure S3 ).
2.4 | Super resolution microscopy indicates that WR-blocked exported proteins colocalize with PTEX at the parasite surface
For improved resolution of the WR-trapped Nluc-DH fusion protein with EXP2 we used structured illumination microscopy (SIM), which increases the volume resolution compared with conventional microscopy by 8-fold. 32 The WR-trapped Nluc-DH fusion protein sometimes adopted the appearance of a "necklace of beads" around the periphery of the parasite, and frequently showed colocalization with similarly sized EXP2 "beads" at the PVM ( Figure 4A, top) . In other cells, the profile of labelling of both proteins at the PV was more uniform After permeabilization with equinatoxin II (EQT), saponin (sap) or Triton X-100 (TX-100) to expose red blood cell (RBC), RBC and parasitophorous vacuole (PV) or all cellular proteins, respectively, the cells were treated with AE20 μg/mL proteinase K. The cell lysates were then centrifuged to separate soluble (S) and pellet (P) fractions that were separated by SDS-PAGE. Western blots were probed with various IgGs (right) and molecular markers are on the left. (B) Diagram highlighting similarities and differences of the protein export assays used in (A, top) vs (C, bottom). The membranes of the infected erythrocyte were similarly permeabilized in both assays. In (A), the susceptibility of the Nluc cargo proteins to proteinase K proteolysis was assessed by western blot and in (C) the ability of the Nluc proteins to access their NanoGlo substrate was being measured. (C) Nluc-DH, Nluc-DH-APEX and Nluc-DH-Halo and Nluc control parasites, expressing exported nanoluciferase (Nluc), were treated with different concentrations of WR99210 (WR) for 16 hours at ring stage. At the late trophozoite stage (~28 hpi) bioluminescence activity of the Nluc reporter was measured after differentially lysing the erythrocyte (exported), PV and parasite cytoplasmic compartments. Export of the reporter proteins was blocked with WR in a concentration-dependent manner, and there was a significant decrease observed in export with some WR concentrations compared with untreated parasites. *P < .05, **P < .01, ***P < .001, ****P < .0001. The exported Nluc reporter expressed in the control line lacks a mDHFR and shows no significant WR-induced inhibition of export. P-values were calculated by one-way analysis of variance (ANOVA) with Dunnett's correction. Three independent biological replicates were performed, each with 2 technical replicates. Error bars represent SE of the mean.
was therefore most similar to PTEX150 with 1 exception, which was that some HSP101 labelling within the parasite particularly around the nucleus was also observed ( Figure 4F ).
To determine whether the loops contained parasite cytoplasm or were likely extensions of the PVM, immunofluorescence was performed for the soluble cytoplasmic HSP70-1 protein. Anti-HSP70-1
IgG did not label the loops despite the signal being concentrated beneath the parasite surface, indicating that the parasite cytoplasm is not contained within the loops ( Figure S4B ).
| WR-induced trapping of exported reporter proteins increases PV loop formation
To resolve the extent to which WR treatment of the reporter lines We also examined late ring and early trophozoite stages corresponding to the period when the Nluc reporters began to be expressed. Expression of the Nluc-DH reporter first appeared in the ER before being exported into the erythrocyte ( Figure S5 ). Small PV loops were observed in 17% of untreated parasites and in 35% of WR-treated parasites. Loops were nearly always observed in young trophozoites containing small hemozoin deposits rather than in rings not containing hemozoin. In contrast, loops were observed in 9% and 10% of untreated Nluc-DH-APEX and Nluc-DH-Halo~28 hpi trophozoites, respectively ( Figure 4G ). This increased to 63% and 73%, respectively, following WR treatment.
| Removal of the WR-induced trapping partially restored protein export
Previous experiments with WR-trapped GFP-mDHFR reporter proteins indicated that once WR was removed there appeared to be no resumption of export of PV-trapped, fully folded GFP reporter into the erythrocyte. 20 Instead, the work indicated that GFP reporters exported after WR removal were likely newly synthesized protein.
Because the export assay with the Nluc reporter proteins provides a quantitative measure of trapping and export we re-examined resumption of protein export using these reporters. Ring stage parasites were treated with 0 or 10 nM WR and when trophozoites (~28 hpi) the drug was removed and the relative amount of reporter protein exported at 0, 2, 4 and 8 hours afterwards was quantified by the Figure 5A ). Interestingly, the recovered Nluc activity came from the parasite compartment rather than from the PV fraction ( Figure 5A ).
This raised the question of whether the fraction of parasite reporter that was exported after WR removal was unfoldable protein trapped in the parasite or newly synthesized material that had not been affected by the WR.
One unexpected observation was that the parasite compartment fraction of the untreated Nluc-DH parasites at 25% of the total signal was much higher than the few per cent normally observed ( Figure 5A ). The parasite compartment signals for 10 nM WR treated was even higher at 50% of the total signal. We believe this may have been due to these parasites being several hours younger than estimated (~20 cf. 28 hpi, see also Figure S5 ) when the eflα promoter was just becoming active. 21 At this stage there may have been much more newly synthesized reporter in the parasite relative to the protein that had already been exported thereby increasing the relative contribution from the parasite compartment.
| WR-trapped Nluc-DH-APEX fusion protein exported 2 hours after drug removal is not newly synthesized protein
The translation inhibitor cycloheximide (CHX) was used to prevent new protein synthesis to enable us to determine if the fraction of Nluc-DH-APEX exported into the parasite after WR removal was old or new material. To determine if the CHX was functioning as expected, Nluc-DH-APEX parasites were treated with and without 100 μM of the inhibitor and after 0.5 hours, total Nluc activity was measured to establish baseline levels. After 2.5 hours, the total Nluc levels were measured again and without CHX were found to have increased by 25% ( Figure 5B ). In 100 μM CHX, Nluc levels only increased by 5%
indicating the drug potently arrested translation ( Figure 5B ).
To determine the effects of CHX upon protein export, ring stage parasites were treated with 10 nM WR and when trophozoites, they were supplemented with AECHX for 0.5 hours. Export assays were then performed indicating the Nluc-DH-APEX reporter was trapped as expected (0 hours, Figure 5C ). The WR was then removed and an export assay was performed 2 hours later. As anticipated, in parasites not treated with CHX there was an increase in the proportion of exported Nluc-DH-APEX and a relative decrease in parasite-trapped reporter ( Figure 5C ). In the CHX-treated parasites export of the Nluc-DH-APEX reporter increased to the same degree as in parasites not treated with CHX indicating that removal of WR allowed export of older previously blocked reporter and not newly synthesized reporter.
The other reporter lines were not tested because the recovery of reporter export was insufficient within the 2-hour period after WR Figure 6A ). At the lowest concentrations of 1.25 and 2.5 nM WR, growth of Nluc-DH-Halo parasites after 5 intraerythrocytic cell cycles was significantly decreased relative to the no WR control ( Figure 6B ). At the highest WR concentrations of 5 and 10 nM, the growth of all lines was significantly reduced relative to the no WR controls although the effect was greater in the Nluc-DH-Halo and Nluc-DH-APEX parasites than in control parasites.
To determine whether trapping the construct in the PV prevents export of other proteins we performed fluorescence microscopy with the Nluc-DH-Halo parasites. As the construct is under ef1α promoter the reporter protein is strongly expressed from 20 hpi onwards. 21 To investigate if there is inhibition of export of an endogenous protein we performed IFA with GBP130 because it is similarly expressed as the reporter and later than most other PEXEL proteins whose expression peaks in rings. 34 Qualitatively, WR treatment caused some GBP130 to colocalize with the Nluc-DH-Halo reporter at the PV but much of the GBP130 was still exported ( Figure 6C ). WR-induced trapping of the reporter therefore did not appear to robustly block the export of endogenous proteins and this is probably why parasite growth was not strongly reduced.
| WR-trapped Nluc reporter proteins bind PTEX components
To establish if more WR-trapped Nluc reporters than non-trapped reporters were bound to PTEX we performed co-immunoprecipitation assays of PTEX150-HA via its HA-epitope. Ring stage Nluc-DHinfected erythrocytes were treated overnight with AE10 nM WR and when trophozoites, were magnet purified from uninfected erythrocytes. Western blots confirmed that the total levels of Nluc-DH were similar ( Figure 7A ). To increase the stringency of the PTEX150-HA IP assay was performed in RIPA buffer containing the strong ionic detergents deoxycholate and SDS. To prevent PTEX and its cargo dissociating in this buffer, protein interactions in live parasites were covalently stabilized by treatment with the reduction sensitive crosslinker DSP (dithiobis(succinimidyl propionate)). We have previously used this approach to determine that PTEX preferentially bound PEXEL tagged GFP rather than PV resident secreted GFP. However, only low levels of the Nluc-DH-Halo reporter were captured and no Nluc-DH-APEX could be detected at all.
To improve detection sensitivity, the IP eluates were analysed by mass spectrometry-based protein sequencing. For Nluc-DH-APEX parasites, more Nluc-DH-APEX peptides were detected in the PTEX150-HA pull-down for WR-treated parasites than for untreated parasites ( Figure 7D , top left). This pattern was also observed in Nluc-DH-Halo parasites, where more peptides were detected in the PTEX150-HA pull-down following treatment with WR than in untreated parasites ( Figure 7D, top right) . These experiments were repeated and produced similar trends (Table S1 ). The Nluc reporter peptide counts for both experiments were combined and the pie charts beneath the column graphs clearly indicate much more of the reporters were engaged with PTEX when in their WR-induced unfoldable form than without WR ( Figure 7D , bottom).
The mass spectrometry data clearly indicates that the Nluc reporters were likely bound to the full PTEX complex since HSP101, EXP2, PTEX88 and Trx2 peptides were detected ( Figure 7D ). It was therefore likely cargo becomes progressively trapped in the full PTEX complex as it becomes more difficult to unfold supporting PTEX's role as a protein translocon. PTEX-associated proteins Pf113 and HSP70-x were also detected as well as some members of the PV-localized EPIC complex and their peptide counts were not very different AEWR ( Figure 7D ).
15,18
We also attempted reciprocal experiments where we utilized the 2.10 | PTEX150 and EXP2 bind similar levels of cargo despite both EXP2 and trapped cargo localizing to the PVM loops
Previous binding experiments with PTEX and GFP reporters indicated that EXP2 but not HSP101 bound WR-trapped reporter. 19 This FIGURE 5 Export recovery of pre-synthesized Nluc reporter proteins after removal of WR is reporter construct dependent. (A) Ring stage parasites were treated AE10 nM WR and when late trophozoites (~28 hpi) the WR was removed. After 0, 2, 4 and 8 hours, Nluc activity was measured by the export assay. *P < .05, **P < .01, ***P < .001, ****P < .0001. P-values were calculated by one-way analysis of variance (ANOVA) with Dunnett's correction. Experiments were repeated on 3 independent occasions and 2 technical replicates were completed per biological replicate. Error bars represent SE of the mean. (B) To determine if the Nluc reporter proteins exported after WR removal, were old or newly made proteins, export assays were performed following treatment with the translation inhibitor cycloheximide (CHX). To confirm that CHX functioned as intended AE100 μM of the drug was added to inhibit protein synthesis at the late trophozoite stage (~28 hpi). Half-an-hour later (0.5 hours) total Nluc activity was measured to establish a baseline. Two hours later (2.5 hours) the increase in total bioluminescence signal was measured to determine how much CHX inhibited of protein synthesis. The experiment was repeated 3 times and error bars represent error weighted SD. (C) (Left) To determine if export recovery in WR-treated (10 nM) Nluc-DH-APEX parasites after WR removal was due to preexisting or newly synthesized protein, the export assay was performed on parasites treated with AE100 μM CHX. Half-an-hour after CHX addition baseline export was established and the WR was removed (0 hour). After 2 hours, export was measured again there was a significant degree of export recovery (***P < .001) in parasites treated with and without CHX. Importantly, there was no significant difference (NS) observed between export AECHX suggesting most of the protein exported was pre-existing. P-value was calculated using an unpaired Student's t test. Experiments were repeated 3 times with 2 technical replicates per assay. Error bars represent error weighted SD finding is compatible with our observation that both EXP2 and trapped cargo proteins are localized to PVM loops that exclude other PTEX proteins. If within these loops the WR-trapped Nluc reporters were lodged inside putative EXP2 pores we would anticipate that isolation of EXP2 could co-purify substantially more cargo than PTEX150
and HSP101 that do not localize to the loops. To confirm this, the Table S2 ).
If EXP2 was binding more WR-trapped Nluc-DH than PTEX150
the combined +WR peptide counts for PTEX150-HA and EXP2-HA IP replicates should have been greater for EXP2. Instead, Nluc-DH peptide counts for PTEX150-HA vs EXP2-HA were very similar at 44 cf.
39, respectively ( Figure 7C , bottom, Table S2 ). Both PTEX IPs were of It was previously shown that mDHFR-GFP reporters become partly trapped at the PV upon addition of WR, leading to the conclusion that protein unfolding is therefore necessary for export. 19, 20, 27, 28 By incorporating Nluc into these constructs we have been able to quantify the profile of blockage, and then release, at a population level. Our data indicated that trapping not only occurred in the PV itself, but surprisingly also within the parasite, suggesting that the PV may become "overloaded" with excess trapped protein causing a build-up of exported proteins throughout the secretory system of the Both widefield microscopy and SIM revealed that the trapped reporters were often confined to punctate domains within the PV, which overlapped with PTEX components. This was previously observed with mDHFR-GFP reporters in ring stage parasites and the phenomenon is conserved here in trophozoites expressing Nluc reporters. 35 A punctate distribution of PV-located reporter proteins 36 and PTEX components 35 have been reported previously, and referred to as a "necklace of beads." Examination of dozens of cell images acquired during the course of this study indicated that PTEX150 and HSP101 almost invariably had punctate distribution while EXP2 was only punctate in 24% of images. EXP2 was uniformly distributed about 60% of cells with the remainder having a mixed appearance.
The Nluc reporters in WR-treated cells were punctate in 60% of cells with the rest being uniformly labelled. The punctate PTEX complexes could represent "export zones" located at sites where exported proteins are deposited by the vesicular transport system into underlying regions of the parasite plasma membrane. As suggested previously, having PTEX concentrated at so-called "export zones" could enhance the efficiency and selectivity of the translocation process. 35 The uniform labelling seen for EXP2 and trapped Nluc reporter could represent protein that is no longer restricted to the PTEX regions and is in the process of re-distribution to PVM loops.
PV loops often contained WR-trapped reporter protein and EXP2, but not the other PTEX components. 3D reconstructions using SIM reveals that the "loops" are spherical membranous structures.
They are likely equivalent to structures observed by electron tomography that are occasionally observed close to the PVM, even in parasites without the trapped reporters. 37 These loops did not appear contiguous with the parasite cytoplasm as they were not positive for the parasite cytosolic protein HSP70-1. They are probably examples of the tubulo-vesicular network (TVN) which are PVM-derived projections that extend into the erythrocyte compartment and may even bud off from the main PVM enveloping the parasite. 36, 38, 39 EXP2 has previously been localized by immuno-electron microscopy to the PVM and to membranes in the erythrocyte cytoplasm 40 and here using SIM we confirm that the TVN structures are positive for EXP2. Distinct membranous structures positive for EXP2 have also been observed in the cytoplasmic compartment of reticulocytes but not mature erythrocytes. 41 It would be interesting to determine if misfolded exported proteins could also be localized to these membranous structures, however, we did not have access to reticulocytes to confirm this.
Given that the TVN loops were not positive for PTEX150 and HSP101 and were more abundant in WR-treated parasites compared to age-matched untreated parasites, we hypothesize that the TVN could represent a mechanism to remove misfolded proteins from PTEX positive protein translocation sites in the PVM. It is interesting to note that TVN structures seem particularly well developed in parasites over-expressing difficult-to-unfold secreted GFP reporter proteins. 36, 38 WR-induced trapping of mDHFR-GFP reporter proteins has been previously observed to induce mobile and "worm-like" protrusions of the PV in live cells. 19 Parasites might therefore sequester difficult-to-unfold proteins into the TVN to prevent inhibition of PTEX-associated export and growth reduction. Alternatively, the accumulation of trapped reporters and EXP2 into the TVN might be passive with the remaining PTEX actively excluded from the TVN and retained within PV punctate regions for protein translocation.
In contrast to our PTEX observations in P. falciparum, the tagging of EXP2, HSP101 and PTEX88 with mCherry fluorescent protein or GFP in P. berghei indicated that these proteins are not only localized to the PV but also to membranous tubules extending from the PV. 42 These tubules were observed in live cells and are probably equivalent to the TVN loops we imaged in our fixed cells. It is possible that the differences observed are species-specific and that PTEX components are not segregated in P. berghei. Alternatively, the attachment of large fluorescent proteins (compared with the small HA epitope in P. falciparum) may have reduced the efficiency of PTEX assembly leading the fusion proteins to freely disperse throughout the PV-TVN network in P. berghei.
Our previous native protein gel analyses of PTEX indicated that only about half of PTEX subunit proteins were assembled into the full The blocked reporter proteins once spatially segregated from the export zones cannot be exported when the WR ligand is removed. The disassembly of PTEX allows all the non-EXP2 components to be recycled for further export sized >1200 kDa complex with the remaining existing as smaller homo-oligomers. 15 This suggested that PTEX could be a dynamic complex assembled from cargo-binding subunits which could engage the EXP2 pore at the PVM to initiate translocation of the cargo. 15 The ability to disassemble PTEX and recycle its subunits for other translo- . 19 A key difference between these studies and ours is that we used mass spectrometry to detect binding rather than western blot which we have found to be less sensitive. Additionally, our NlucmDHFR reporters were soluble proteins and the GFP-mDHFR reporters used previously were fusions with transmembrane domain containing exported proteins (SBP1, MAHRP1 and REX2). When trapped with WR these transmembrane reporters would likely be retained in membranes where they could interact with EXP2. The addition of a HA-epitope to HSP101 may also reduce the efficiency with which it was retained as part of the PTEX/GFP-mDHFR complex. 19 Interestingly, after removing WR and reinstating export, most of the trapped protein appeared to derive from the parasite compartment rather than the PV because the cytoplasmic Nluc pool declined more than the PV pool. Based on our observations that some of the trapped reporter proteins are localized with EXP2 to the TVN loops and away from the rest of PTEX, the spatial separation may ensure most of the segregated reporter is never exported. It could be that following the removal of WR, the only pre-existing reporter proteins that can be exported are poised at the ER or are in cytoplasmic vesicles possibly bound to chaperones, so they can be unfolded for export once delivered to the PV.
Although the WR-induced trapping of highly expressed reporter proteins appears to enhance the formation of PV loops, these TVN structures do form naturally particularly in older parasites. 37, 39 Although, the TVN could naturally form to sequester an accumulating burden of aggregated endogenous proteins resistant to unfolding away from PTEX, the TVN could also have other functions. Foremost would be to increase the surface area of the PVM for enhanced exchange of low molecular weight molecules (eg, amino acids, purines, vitamins) as the parasite begins to grow and replicate. The fact that EXP2 can complement the loss of GRA17, a presumed nutrient pore in Toxoplasma gondii parasites supports an additional role for EXP2 in nutrient uptake. 43 We note, however, that once the TVN structures have detached from the PVM nutrient exchange would no longer be possible.
Interestingly, a study with fluorescent membrane dyes indicated PVM loops begin forming in rings before expanding to tubules in trophozoites. 39 We did not observe EXP2 or Nluc reporters accumulating in loops in ring stage parasites. Instead, we only observed this in trophozoites particularly as they aged and when export was blocked with WR. Whether WR induced blocking of reporter export induces de novo formation of PVM loops or favours the accumulation of proteins into membranous loops that have already formed awaits further investigation.
When the endogenous gene for the exported protein sbp1 was appended with the sequence for mDHFR-GFP, this potently arrested parasite growth following treatment with 4 nM WR. 19 The probable reason was that the SBP-mDHFR-GFP fusion was clogging PTEX in all cells thereby preventing the export of other essential proteins. In contrast, we measured relatively weak growth inhibition following WR treatment for Nluc-DH-Halo and Nluc-DH-APEX reporters and a partial block of GBP130 export. This could be because of the fact that our Nluc reporters were expressed later in the intraerythrocytic cell cycle from~20 hpi under the ef1α promoter from an episome compared with the endogenous sbp1 promoter used previously that was expressed in all of the early ring cells. 19, 21 As a consequence, many exported proteins would have already gained access to the erythrocyte compartment by the time the WR-trapped Nluc constructs were maximally expressed. Additionally, 10 nM WR only blocked the export of our reporters by 50% suggesting PTEX was not completely clogged and was able to continue exporting essential proteins.
| CONCLUSION
Protein export is essential for parasite survival and data generated here suggests that the parasite could have multiple mechanisms to avoid growth arrest when exported proteins are trapped in the PTEX complex. Specifically, we have shown that artificially trapped cargo can be exported upon release of the trapping pressure (WR removal), presumably because of the action of unfoldases throughout the system allowing unfolding. Additionally, the appearance of TVN loops containing EXP2 and trapped reporter suggests that a segregation mechanism potentially exists for clearing blockages from the PTEX to ensure export of essential effector proteins can continue (Figure 8 ).
These data suggest that the TVN loops seen upon trapping could represent "molecular garbage bins" to help ensure parasite survival under times of stress when proteins are presented to the PTEX in an inappropriate state. comparing each sample to a control sample (without WR for WR titration, T = 0 time point for recovery from washing experiments).
| MATERIALS AND METHODS

| Parasite culture
| Nanoluciferase export assay
| Immunofluorescence assays
Parasites were pelleted and washed twice in PBS before a final 10 μL cell pellet was resuspended in 1 mL PBS. The cells were added to the wells of a 24 well tissue culture plate containing a coverslip (13 mm) coated in 0.1% poly-L-lysine. After the cells had settled, fixation was performed in 4% paraformaldehyde and 0.0075% glutaraldehyde as per. 47 Coverslips were washed with PBS and permeabilized in 0.1%
Triton X100 in PBS for 15 minutes and then blocked with 3% bovine serum albumin (BSA) in PBS. Primary antibodies (Table S3) were diluted in 3% BSA/PBS and incubated for 2 hours at room temperature. Samples were washed ×3 with PBS and incubated with secondary antibodies (AlexaFluor), 1:2000 in 3% BSA/PBS for 1 hour.
Samples were washed as mentioned above and mounted in Vectashield with DAPI (4 0 ,6-diamidino-2-phenylindole). Images were taken with a Zeiss Axio Observer Z1 inverted widefield microscope and deconvolution performed with Zen software. Images were processed
and analysed using open java source FIJI software. Sub-diffraction imaging was performed using SIM. 32 The super resolution images were collected using a Nikon N-SIM microscope equipped with 488, 561 and 640 nm lasers, an Andor iXON DU897 EM-CCD camera and a ×100 oil immersion lens having a numerical aperture of 1.49.
The z-series was acquired using NIS-Elements and analysed both using NIS-Elements and the open java source, ImageJ/FIJI. 
| Electron microscopy
| Halotag experiments
For imaging of the parasites, Nluc-DH-Halo parasites were incubated at 2% haematocrit in RPMI media (with no Albumax) containing Oregon Green Halotag ligand (1:1000, Promega) for 1 hour. After washing in PBS, the cells were settled onto to poly-L-lysine-coated coverslips and were fixed and probed as indicated above. For pull-down experiments lysates were made from whole magnet purified Nluc-DH-Halo trophozoites as described below in IP assays. After solubilization in 0.25% TX-100, the lysate was diluted down to 0.05% with PBS before addition to HaloLink beads (Promega) overnight. After washing in PBS, bound proteins were eluted from the beads by digestion with TEV protease following manufacturer's instructions (Life Technologies).
| Western blotting
Infected erythrocytes at stages indicated were lysed in 0.09% saponin prior to washing in PBS containing complete protease inhibitor cocktail tablets (Roche). Pellets were resuspended in non-reducing SDS-PAGE sample buffer. Prior to electrophoresis on pre-cast 4% to 12%
acrylamide gradient bis-tris gels (Invitrogen) in ×1 NuPAGE MOPS SDS running buffer. Proteins were transferred onto nitrocellulose and subsequently blocked with 1% casein in PBS prior to probing with specific antibodies (Table S3) 
| Malstat growth assay
LDH was measured to determine parasite biomass as described previously. 33 Briefly, parasites were synchronized and adjusted to 2% haema- and subsequent IP in RIPR buffer (25 mM Tris HCl, pH 7.6, 150 mM NaCl, 1% TX-100, 1% sodium deoxycholate, 0.1% SDS.) were performed as described in Reference 2.
5.12 | Mass spectrometry and MS2 scan in ion trap. Top 3-second method was used to select species for fragmentation. Singly charged species were ignored and an ion threshold triggering at 1e4 was employed. CE voltage was set to 1.9 kv.
The "protein scores" in Tables S1 and S2 were generated by MASCOT software (Matrix Science).
